Abstract-Peptide-assembled hydrogels have emerged as a promising biomaterial for tissue engineering due to their controllable structures as well as biocompatible and biodegradable characteristics. However, the detailed situations of nanofibrillar mechanics during the formation of peptide-assembled hydrogels remain poorly understood. The advent of atomic force microscopy (AFM) provides a powerful tool for nanoscale characterizations and measurements of native biomaterials without pretreatments. In this paper, AFM peak force tapping multiparametric imaging was utilized to investigate the morphology and mechanics of individual nanofibrils during the gelation and degradation process of peptide-assembly hydrogels. Nanofibrillar hydrogels were fabricated by the self-assembly reactions of phenylalanine peptide molecules. AFM topography imaging distinctly visualized the diverse assembly behaviors of peptide-formed nanofibrils during the gelation and degradation of hydrogels, which were significantly correlated with the changes of nanofibrillar mechanics (Young's modulus, adhesion force, deformation, and persistence length) revealed by AFM mechanical imaging. The research provides a novel idea for nanoscale imaging and mechanical analysis of nanofibrillar behaviors in peptide-assembled hydrogels, which will have potential impacts on the characterization and design of supramolecular biomaterials.
properties, controllable degradability and capability to protect labile drugs from degradation [2] , [3] . Hydrogel formation involves the transition of liquid precursor solutions into solid materials, which can be achieved using either physical (noncovalent) or chemical (covalent) cross-linking methods to assemble the hydrogel components [4] . Among the diverse methods for hydrogel formation, peptide self-assembly [5] [6] [7] provides a promising way, since peptide hydrogels do not use harmful chemicals (e.g., toxic cross-linkers) to form gel and the degradation products are natural amino acids which can be metabolized by cells [8] . Though the thermodynamics and kinetics of peptide self-assembly has been widely investigated from the perspective of chemistry [9] , [10] , information about the nanoscopic morphology and mechanics involved in gel formation based on peptide self-assembly from the perspective of physics is still scarce.
The mechanics of hydrogels plays an important role in the practical applications of hydrogels. Cells adhering to the extracellular matrix (ECM) can sense the ECM mechanical properties through specific interactions of cell surface integrins with adhesion ligands on the ECM [11] . Cells are known to respond to mechanical cues in their microenvironments by altering their physiological activities, including proliferation rate, migration speed, differentiation potential, and secretory function [12] , which have crucial impacts on cell fate decision. For example, studies have shown that the stiffness of ECM guides diverse physiological and pathological activities, such as stem cell lineage specification [13] , tumor growth and therapy [14] . Mechanical cues of ECM have been considered as important determinants for modeling cancer metastasis [15] . Hydrogels have been widely used as ECM mimics [16] , [17] to regulate cellular behaviors. Consequently, researchers have been investigating how to tune the mechanical properties of hydrogels to guide cell functions, such as spatially controlled hydrogel mechanics to modulate stem cell interactions [18] , encoding hydrogel mechanics via network cross-linking structure [19] , tuning hydrogel mechanics using the Hofmeister effect [20] , controlling hydrogel mechanics via polymer-nanoparticle bond [21] , and so on. Nevertheless, current studies about hydrogel mechanics are commonly performed at the macroscale, which are inaccessible for nanoscale mechanics of hydrogels.
The advent of atomic force microscopy (AFM) provides a powerful instrument for visualization and quantitative characterization of native biomaterials with nanometer spatial resolution.
AFM has been used to characterize the morphology and mechanical properties (e.g., stiffness, adhesion) of biomaterials, such as natural nanoparticles secreted from ivy [22] , peptide-assembled nanoparticles [23] , and wet adhesive inspired by mussels and geckos [24] . Compared with traditional scanning electron microscopy (SEM) characterization and fluorescence imaging [7] , the advantage of AFM is that AFM is able to simultaneously obtain the morphology and mechanics of native samples without pretreatments, and thus AFM characterization provides novel insights into the correlation between structure and properties of biomaterials. However, to our knowledge, so far utilizing AFM to investigate the mechanics of peptide-assembled nanofibrillar hydrogel has been poorly explored. Particularly, in recent years, a new AFM imaging mode, which is called peak force tapping [25] [26] [27] , has shown potent capabilities for simultaneously obtaining multiple mechanical parameters of diverse biological samples, including cells [28] , viruses [29] , membrane proteins [30] and biointerfaces [31] . Here, AFM peak force tapping imaging mode was utilized to reveal the dynamic changes of morphology and mechanics of peptide-assembled nanofibrillar hydrogels during gelation and degradation process, providing novel insights into the self-assembly behaviors of peptides for supramolecular biomaterials.
II. MATERIALS AND METHODS

A. Fabrication of Nanofibrillar Hydrogels
Nanofibrillar hydrogels were fabricated by the self-assembly reactions of a phenylalanine peptide molecule called fluorenyl-9-methoxycarbonyl (Fmoc)-phenylalanine (Phe)-OH according to the previously reported protocol [32] , [33] . First, 10 mg FmocPhe-OH (Sigma-Aldrich, St. Louis, MO, USA) was added into a fresh centrifuge tube and then 1 mL Milli-Q pure water (Merk KGaA, Darmstadt, Germany) was added into the same tube. At this time, the solution in the centrifuge tube was opaque. Second, NaOH solution (0.5 M) was gradually added into the centrifuge tube until the solution in the tube became fully clear. Third, about 1.5 mg D-(+)-Gluconic acid δ-lactone (Sigma-Aldrich, St. Louis, MO, USA) powder was added into the tube. The solution in the tube subsequently gelated and formed nanofibrillar hydrogels in 10 min at room temperature (22°C).
B. AFM Multiparametric Characterizations of Nanofibrillar Hydrogels
For AFM characterizations, a drop of hydrogel was pipetted onto a fresh glass coverslip ( * ) and then another fresh coverslip ( * * ) was used to press and scratch the hydrogel to form a thin hydrogel layer on the coverslip ( * ). After placing the coverslip ( * ) at the sample stage of AFM (Dimension Icon, Bruker, Santa Barbara, CA, USA), AFM probe was controlled to gradually approach the sample under the assistance of optical microscope. The ScanAsyst cantilever (Bruker, Santa Barbara, CA, USA) with was used. The nominal spring constant of the cantilever is 0.4 N/m and the resonant frequency of the cantilever is about 70 kHz. The material of the tip is silicon nitride and the back side of the cantilever is coated by reflective aluminum (to reduce the optical interference). The shape of the tip is conical, the height of the tip is 2.5-8 μm, the tilt angle of the tip is 15∼20°, and the tip radius is about 2 nm. In order to resolve the nanostructures and the mechanical properties of the fragile nanofibrils with high spatial resolution, we used this type of probe to work in AFM peak force taping mode in this study. Before AFM imaging of the nanofibrillar hydrogels, the deflection sensitivity of the probe cantilever was firstly calibrated by obtaining force curves at the bare area of the coverslip, and then the exact spring constant of the cantilever was calibrated by the AFM's thermal noise module. Subsequently, peak force tapping imaging was performed on the nanofibrillar hydrogels.
In the AFM peak force tapping mode, the vibrating tip approaches and withdraws from the samples in a pixel-for-pixel manner to record force curves [34] , as shown in Fig. 1A . The piezoelectric ceramic tube drives the tip to move in the vertical (z) direction to maintain the peak force between tip and sample constant. By scanning the sample in the horizontal (x, y) plane, force curves for each sampling points are recorded. By realtimely analyzing the recorded force curves, multiple parameters reflecting the mechanical properties of the sample are calculated and visualized [25] , including Young's modulus, adhesion force, deformation and so on, as shown in Fig. 1B . According to the user manual of the AFM (Bruker, Santa Barbara, CA, USA), Young's modulus is obtained by fitting the retract curve with Derjaguin, Muller, Toporov (DMT) model [35] :
where F is the force applied on the tip, F adh is the adhesion force, R is the tip radius and d is the tip-sample separation. The adhesion force corresponds to the peak force below the baseline from the retract curve, while deformation is calculated from the approach curve. In the peak force tapping mode, the vibrating frequency of the cantilever is much less than the resonant frequency of the cantilever [36] . Typically, for peak force tapping imaging, the oscillation frequency of the cantilever is 1 kHz, which results in a peak force of 250 pN [37] . For normal tapping mode imaging, the driving frequency is near to the resonant frequency of the cantilever, which results in a relatively larger tapping force exerted on the sample (the tapping force is typically about 2 nN [38] ). Hence, compared with normal tapping mode, peak force tapping imaging further significantly reduces the scanning force exerted on the sample, which is important for observing fragile biomaterials. For example, with the use of peak force tapping mode, individual microvilli on living cell surface has been clearly resolved [39] . Hence, AFM peak force tapping mode imaging is used here to characterize the morphology and mechanics of the brittle nanofibrils which are the building blocks of peptide-assembled hydrogels.
C. Imaging the Degradation Process of Nanofibrillar Hydrogels
The degradation process of nanofibrillar hydrogels was observed by adding pure water to the nanofibrillar hydrogel coated on the coverslip. AFM imaging was firstly performed on the hydrogel-coated coverslip to record AFM images of the nanofibrils before degradation. Subsequently, after removing the hydrogel-coated coverslip from AFM sample stage, a drop of pure water (Merk KGaA, Darmstadt, Germany) was added onto the coverslip and incubated for 10 s. After incubation, the superficial water on the coverslip was sucked by pipette. Then after natural drying the coverslip was placed on the AFM sample stage for AFM observations. Repeated experiments were performed for observing the degradation dynamics of nanofibrillar hydrogels.
D. Data Analysis
The AFM images of nanofibrillar hydrogels obtained at peak force tapping mode was analyzed by using the AFM offline Nanoscope software (Bruker, Santa Barbara, CA, USA) which could give the quantitative information (such as height and width) of the nanofibrils from the AFM images. The persistence length of nanofibrils was analyzed with the use of opensource software Easyworm according to the user guideline [40] . The persistence length of nanofibrils was calculated according to the worm-like chain (WLC) model [41] :
where P is the persistence length, L is the contour length, <R 2 > is the mean square end-to-end distance between a pair of points located along the contour length L.
III. RESULTS AND DISCUSSION
AFM topography imaging reveals the fine structures of the nanofibrillar hydrogels formed by Fmoc-Phe-OH self-assembly. Fig. 2A is the chemical structure of the peptide molecule FmocPhe-OH and Fig. 2B is the flowchart of fabricating nanofibrillar hydrogel based on peptide self-assembly. The self-assembly of Fmoc-Phe-OH peptide molecules is driven by hydrogel bonding and π-π interactions, which results in the formation of nanofibrillar hydrogels [42] . Fig. 2C shows the optical images of the peptide-assembled nanofibrillar hydrogels before and after gelation in the centrifuge tube. After gelation, the hydrogels become solid. Even the tube was reversed, the hydrogels in the tube did not drop down. By coating the hydrogels on the coverslip, AFM images of the hydrogels were recorded. When coating high concentrations of hydrogels on the coverslip, compact polymeric network structures of the hydrogels were revealed (α in Fig. 2D ). When coating low concentrations of hydrogels on the coverslip, sparse polymeric network structures and individual nanofibrils could be clearly resolved (β and γ in Fig. 2D ). A notable point is that whether the hydrogels coated on the substrate could attach onto the AFM tip during AFM imaging. If gels adhered to the AFM tip, the obtained AFM images should change, especially for the obtained mechanical images which are sensitive to the material changes. We have performed repeated scanning at the same area on the substrate and the results show that there are no significant differences between the obtained AFM images.
AFM mechanical imaging reveals the mechanical properties of the nanofibrillar hydrogels. Fig. 2 (E, F) shows simultaneously obtaining topography and multiple mechanical properties (Young's modulus, adhesion force, deformation) of the nanofibrillar hydrogels by AFM peak force tapping imaging. We can see that besides topography images, nanofibrillar structures are also significantly discerned in the Young's modulus images (II), adhesion force images (III) and deformation images (IV), particularly for AFM small-size scan results (Fig. 2F ), reflecting the unique mechanical properties of the nanofibrillar hydrogels. For the mechanical images (II, III, IV), the lightness of colors corresponds to the magnitude of the mechanical values. We can see that both the Young's modulus and adhesion force of nanofibrillar hydrogels are smaller than that of the substrate, while the deformation of hydrogels is larger than that of the substrate. This may due to the different mechanical properties between nanofibrils and substrate. The substrate (glass) used here is much stiffer than the hydrogels, which causes that the substrate is hard to be deformed by AFM tip. Therefore from the Young's modulus image and deformation image recorded by AFM peak force tapping imaging, the substrate exhibits higher stiffness and smaller deformations. The adhesion force between AFM tip and sample surface is mainly determined by the van der Vaals and capillary forces between AFM tip and sample surface [43] . Capillary force is absent if AFM experiments are performed in dry environment or in liquid. Here, AFM experiments were performed in air at room temperature and thus the capillary force contributes the adhesion forces between AFM tip and sample surface. For the adhesion force image recorded by AFM peak force tapping imaging, the differences between nanofibrils and substrates indicate the different surface energy [44] characteristics between hydrogels and substrates. In addition, for the mechanical images, the lightness differences of different nanofibrils are also observed. For example, some nanofibrils exhibit darker colors (denoted by blue arrows in Fig. 2F ), while some nanofibrils exhibit brighter colors (denoted by white arrows in Fig. 2F ), indicating the diverse mechanics of the nanofibrils in the peptide-assembled hydrogels. The mechanics of polymers plays an important role in their chemical and biological functions [45] , which has direct impacts on cellular behaviors. For example, matrix stiffness can direct stem cell fate [46] , [47] , while adhesion interactions between cells and matrix are crucial for cellular locomotion and invasion [48] , [49] . The mechanical properties of DNA molecules change significantly during the actions of DNA-targeted drugs [50] , [51] . The results of Fig. 2 show the capability of AFM peak force tapping imaging in visualizing multiple mechanical properties of nanofibrillar hydrogels together with topography information, providing a novel idea for characterizing the mechanics of biopolymers from multiple aspects.
Diverse assembly behaviors of nanofibrils during the process of hydrogel formation were observed by AFM. Fig. 3A is an AFM topography image of nanofibrillar hydrogels. We can clearly see various types of nanofibrils in the image. Some nanofibrils are thin (denoted by the white arrows) and some nanofibrils are significantly thicker (denoted by the blue arrows). Some nanofibrils mixed together (denoted by the purple arrow) and some nanofibrils split into two thinner nanofibrils (denoted by the green arrow). Specifically, for the mixing of nanofibrils, sometimes the mixed nanofibrils were parallel with each other (denoted by the red arrow), while occasionally the nanofibrils wind (denoted by the yellow arrows). Fig. 3 (B, C) are more AFM topography images of the nanofibrillar hydrogels and the yellow arrows denote the winding behaviors of nanofibrils. When the winding behaviors between nanofibrils occurred, the height of the twisted nanofibrils significantly increased, as denoted by the bright pixels from AFM images. The green line in Fig. 3E is a transverse section profile taken along a twisted nanofibrils in Fig. 3A (denoted by the green line) , indicating that the height of the twisted nanofibrils is about 15 nm. When the mixed nanofibrils are parallel with each other, the height of mixed nanofibrils approximates the height of the split individual nanofibrils. The blue line in Fig. 3E is a transverse section profile taken along the mixed nanofibrils in Fig. 3C (denoted by the blue line) and the red line in Fig. 3E is taken along the two split nanofibrils in Fig. 3C (denoted by the red line) , showing the comparable heights of parallel mixed nanofibrils and split individual nanofibrils. When using a small amount (1 mg) of D-(+)-Gluconic acid δ-lactone, hydrogels containing sparse individual nanofibrils formed, as shown in Fig. 3D . We can clearly see the discrete individual nanofibrils, as denoted by the white solid triangles. The transverse section profile (the yellow line in Fig. 3E ) of a discrete nanofibril (the yellow line in Fig.  3D ) indicated that its height is less than 5 nm, much smaller than the height of bundled nanofibrils. Fig. 3F is a longitudinal section curve taken along a part of a nanofibril (denoted by the red rectangle in Fig. 3C ). We can see that there are many peaks (typically denoted by the black arrows in Fig. 3F ) in the section curve, significantly showing that the height of the nanofibril is not homogeneous but heterogeneous. We then statistically analyzed the heights of the different types of nanofibrils revealed by AFM, and the height histogram is shown in Fig. 3G . Four types of nanofibrils are shown in Fig. 3G , including single nanofibrils (a typical AFM image is shown above the bar and is denoted by #1) and three types of bundled nanofibrils (typical AFM images are shown above the bars and are denoted by #2, #3, #4 respectively). For each type of nanofibrils, the height of 60 nanofibrils were measured to obtain the averaged values. For single discrete nanofibrils, the nanofibrillar height is about 4.36 ± 0.1 nm. When bundled nanofibrils formed, the nanofibrillar height significantly increased. The height of bundled nanofibrillar is related to the assembling behaviors of nanofibrils, such as the number of bundled single nanofibrils, the winding behaviors between nanofibrils, the parallel bundled nanofibrils, and so on, as observed in Fig. 3(A-D) . In addition, AFM imaging reveals that nanofibrils could further form nanoribbons and nanosheets during the formation of hydrogels, as shown in Fig. 4 . Fig. 4A shows that some nanofibrils assemble into nanoribbons (denoted by the arrows), while Fig. 4B shows the typical formed nanoribbons. Fig. 4C shows that even nanosheets (denoted by the asterisk) are formed by the assembly of nanofibrils.
Living systems extensively make use of molecular selfassembly to construct functional supramolecular machinery [52] . In the process of amyloid aggregation, β-lactoglobulin proteins assembled into fibrils and studies have shown that thin fibrils twine to form diverse helix bundled fibrils with well-defined periodic features [53] . The bundled fibrils can be formed by the winding behaviors of different numbers of protein-assembled filaments [54] . Here the results of Fig. 3 and Fig. 4 clearly show that thin peptide-assembled nanofibrils form bundled nanofibrils and even nanoribbons and nanosheets with diverse behaviors (e.g., single nanofibrils, bundled nanofibrils, twisting, nanofibrillar mixing and splitting, nanoribbon formation, nanosheet formation) during the process of gelation, providing novel insights into the process of peptide assembly.
AFM peak force tapping imaging visually correlates the mechanical properties of nanofibrils with their structures in hydrogel formation. Fig. 5 shows the morphology and multiple mechanical images of individual nanofibrils formed in the peptide-assembled hydrogel. Fig. 5A shows a typical peak force tapping imaging results obtained on the hydrogel-coated coverslip. According to the differences in color lightness, the thin nanofibrils (typically denoted by white arrows) can be easily discerned from the thicker nanofibrils (typically denoted by blue arrows) in the topography image (I). Meanwhile, for the mechanical images, it can be found that thicker nanofibrils have smaller Young's modulus (II) and adhesion force (III) than thin nanofibrils. However, the thicker nanofibrils have larger deformations (IV) than thin nanofibrils. More results are represented in Fig. 5(B, C) , showing the similar phenomenon. We then investigated the mechanical properties of nanofibrillar networks and nanoribbons formed during hydrogel gelation, as shown in Fig. 6. Fig. 6A visualizes the networks constructed by nanofibrils. Three thick nanofibrils are remarkably discernible (denoted by the blue arrows). We can see that the three thick nanofibrils have smaller Young's modulus (II) and adhesion force (III) compared with other thinner nanofibrils in the networks, but the three thick nanofibrils have larger deformations (IV) than the other thinner nanofibrils, consistent with the results shown in Fig. 5. Fig. 6B shows the results obtained on nanoribbons formed by nanofibrils. Nanoribbons are distinctly visualized from the topography images (I). For the mechanical images, we can see that the color lightness exhibit differences, particularly at the edges of nanoribbons. Besides, adhesion force (III) could better discriminate the edges of nanoribbons than Young's modulus (II) and deformation (IV). For example, the yellow arrow in Fig. 6B(III) denotes the edge between nanoribbons from the adhesion image, whereas the same edge is not discernible from the corresponding Young's modulus image Fig. 6B (II) and deformation image Fig. 6B(IV) , showing the diverse mechanical behaviors of nanofibrils. Fig. 7 shows the quantitative Young's modulus of individual nanofibrils with respect to the nanofibrillar height. The Young's modulus was drawn from about five AFM images of nanofibrils. Young's modulus was calculated from the force curves recorded during AFM peak force tapping imaging [25] , [55] . We can see that the Young's modulus decreased from about 1.5 GPa to 500 MPa as the nanofibrillar height increased from 5 nm to 15 nm. In 2006, Smith et al. [56] have used AFM to measure the mechanical properties of individual amyloid fibrils, showing that the Young's modulus of amyloid fibrils is about 3.3 ± 0.4 GPa. Here, our results show that the Young's modulus of peptide-assembled nanofibrils (0.5∼1.5 GPa) is comparable to that of amyloid fibrils. Notably, the mechanical properties measured by AFM are influenced by several factors, such as the probe (tip shape, cantilever spring constant), the measurement parameters (loading rate, indentation depth), environments (temperature, medium electrostatic interactions), and so on [57] , [58] . Hence, strictly speaking, the results can be compared only in the case that all conditions are identical.
It is known that the dynamic reorganizations of filament structures inside and/or outside the cell plays an important role in regulating the physiological activities of cells [59] . For example, in the process of tumor development, the thickening and linearization of collagen fibers in the microenvironment of tumor facilitate the progression of tumor [60] . For cancerous cells, the actin fibrils change from well-aligned filamentous structures into randomly organized networks to facilitate metastasis [61] . Here, the results in Fig. 5-Fig. 7 show that the assembly behaviors of nanofibrils during the gelation process are accompanied with the alterations of nanofibrillar mechanics, providing novel insights into the behaviors of peptide self-assembly.
The persistence length changes of nanofibrils during the formation of peptide-assembled hydrogels are obtained by analyzing the AFM images, as shown in Fig. 8 . Persistence length is an important parameter which reflects the flexibility of polymers [62] [63] [64] . The standard procedure used to extract the polymer persistence length from AFM images is based on an analysis of the mean square end-to-end distance <R 2 > between a pair of points located along the contour length L [65] . Fig. 8A shows the schematic diagram of real-space distance R and contour length L. For each nanofibrils, the AFM images were grayed and then fitted by a parametric spline to obtain the mean square end-toend distance <R 2 > as a function of the contour length L, as shown in Fig. 8B . Fig. 8(C, F) are typical AFM topography images of single nanofibrils and bundled nanofibrils respectively. Typical single nanofibrils are discrete nanofibrils. Besides, single nanofibrils and bundled nanofibrils are determined by measuring the heights of nanofibrils from the AFM topography images, as shown in Fig. 3E . For analyzing the persistence length of single nanofibrils, 89 discrete nanofibrils (typically denoted by red arrows in Fig. 8C ) from about ten AFM images were selected for analysis. For analyzing the persistence length of bundled nanofibrils, 73 bundled nanofibrils (typically denoted by the red rectangles in Fig. 8F ) from about ten AFM images were selected for analysis. Fig. 8(D, G) are the histograms of contour lengths of the selected single nanofibrils and bundled nanofibrils. Fig. 8(E, H) are the WLC fitting results, showing that the persistence length of bundled nanofibrils (43309 ± 11240 nm) was significantly larger than the persistence length (6802 ± 2158 nm) of single nanofibrils. WLC model has been widely applied to investigate the mechanics of polymers. In WLC model, the polymer is treated as an inextensible rod with a finite bending rigidity and persistence length is used to characterize the radius of curvature at thermal equilibrium [66] . Researchers have utilized WLC model to analyze various nanofibrils based on AFM imaging of nanofibrils deposited on substrates, such as protein fibrils [67] , collagen fibrils [68] , amyloid fibrils [69] , and so on. Here, WLC model was applied to investigate the mechanics of the nanofibrils formed by peptide-assembly. Persistence length defines the rigidity of polymers chains [70] , [71] . The results of Fig. 8(E, H) showed that when single nanofibrils assembled to form bundled nanofibrils, the persistence length of the bundled nanofibrils was larger than the persistence length of single nanofibrils, indicating that the bundled nanofibrils were more rigid than single nanofibrils. The different rigidity between single nanobifrils and bundled nanofibrils may due to the structural differences. Single nanofibrils are flexible and thus are prone to bend, as shown in Fig. 8C . When bundled nanofibrils are formed, the interactions between nanofibrils (such as winding) make the bundled nanofibrils stiffen, which facilitates the bundled nanofibrils to withstand bending. Therefore, bundled nanofibrils are often linear, as observed in Fig. 8F . However, from the results of nanofibrillar Young's modulus measurement (Fig. 5) , we can see that thick nanofibrils have smaller Young's modulus than thin nanofibrils, indicating that bundled nanofibrils are softer than single nanofibrils. This may due to the differences between Young's modulus measurement and persistence length measurement. We know that Young's modulus is obtained by controlling AFM tip to vertically indent the nanofibrils, while persistence length measurement characterizes the bending of polymers from the horizontal plane. Hence, Young's modulus measurement and persistence length measurement reflects different types of mechanical properties of the nanofibrils.
AFM peak force tapping imaging reveals the morphological and mechanical changes of nanofibrils during the process of hydrogel degradation. Fig. 9 shows the representative AFM peak force tapping images of nanofibrils before and after degradation. AFM images of the nanofibrils before degradation (Fig. 9A) clearly show the nanofibril networks and nanoribbon structures. After the degradation, the bulky nanofibrillar network structures are not observed (Fig. 9B-F) , but the isolated individual nanofibrils with significant groove structures are observed after degradation, as shown in Fig. 9(B-D) . Fig. 9B is the results of large-size AFM scan, clearly showing two nanofibrillar ring. The detailed morphology and mechanics of the two nanofibrillar ring was scanned, as shown in Fig. 9(C, D) respectively. We can clearly see that groove structures of nanofibrils are observed from the topography images (typically denoted by the red arrows in I of Fig. 9C, D) . The groove structures are also discernible from the mechanical images (II-IV in Fig. 9C, D) . Besides the isolated individual nanofibrils, nanoparticles are also observed after degradation of nanofibrillar hydrogels, as shown in Fig. 9E, F . The nanoparticles are typically denoted by the yellow arrows in Fig. 9E . These nanoparticles are the degradation products of nanofibrils. From the Young's modulus images (II) in Fig. 9C , D we can see many bright pixels along the nanofibrils, which are consistent with the Young's modulus of nanoparticles (II in Fig. 9E, F) . After degradation, the nanofibrillar networks dissolve and isolated single nanofibrils occur. The further degradation of single nanofibrils results in the appearance of nanoparticles. The results of Fig. 5 and Fig. 6 show that the nanofibrils of hydrogels without degradation are softer than substrate. Here, the results of Fig. 9E , F visualize that the nanoparticles from degraded nanofibrils are stiffer than substrate, indicating the mechanical alterations when nanofibrils change into nanoparticles during degradation. For adhesion force and deformation, the results (III and IV in Fig. 9E, F) show that the adhesion force of nanoparticles is smaller than that of substrate and the deformation of nanoparticles is larger than that of substrate, which are consistent with the results obtained on the nanofibrils before degradation (Fig. 5 and Fig. 6 ). These results indicate the diverse behaviors of different mechanical parameters of nanofibrils after degradation. Notably, the AFM images of nanofibrils recorded before and after degradation are not from the same areas of the sample. In order to fully characterize the morphological changes of nanofibrils during degradation, we have performed repeated experiments and scanned the different areas on the sample before and after degradation, which show the similar results as observed in Fig. 9 . Current studies about the degradation of peptideassembled nanofibrils are commonly performed by the chemical analysis of ensemble nanofibrils [72] [73] [74] , which provide limited information about the dynamics of single nanofibrils. Here, the results of Fig. 9 reveal the dynamics of individual nanofibrillar degradation from multiple types of mechanical properties, providing novel insights into the degradation of peptide-assembled nanofibrils.
AFM imaging reveals that the mechanics of nanofibrils could be used as an indicator for the detailed structures of nanofibrils. The results of Fig. 9 show the groove structures of nanofibrils after degradation. We then used AFM peak force tapping imaging to image the detailed morphology and mechanics of single nanofibrils without degradation to examine whether groove structures exist on the peptide-assembled nanofibrils. Fig. 10(A) shows the high-resolution AFM peak force tapping imaging of a single nanofibril. The height of the nanofibril is 5.6 nm and the width is 20 nm. The groove structures are clearly discernible from the topography images (denoted by the red arrows in Fig. 10AI ). Meanwhile, these groove structures are also discernible from the adhesion force image (denoted by the red arrows in Fig. 10AIII) . However, the groove structures are not clear from the Young's modulus (Fig. 10AII ) and deformation images (Fig. 10AIV ). Fig. 10B shows the results of a thicker nanofibril and we can see that larger groove structures are visualized from the adhesion force image (denoted by the red arrows in Fig. 10BIII ). Fig. 10C is the results of the intersection of two thick nanofibrils, showing large groove structures of the nanofibrils. Fig. 10D is the results of the intersection of thick nanofibrils containing parallel fibrils and the adhesion force image also shows the parallel nanofibrils (denoted by the red arrows in Fig. 10DIII ). On the whole (Fig. 10) , we can see that compared with Young's modulus and deformation, the adhesion force of nanofibrils can better recognize the groove structures of single nanofibrils and bundled nanofibrils, which are consistent with the topography information of nanofibrils. The results indicate that the adhesion force of peptide-assembled nanofibrils are sensitive to the alterations of the structures (such as groove structures) of the nanofibrils. Amyloid-like nanofibrils are important components for a wide range of adhesion-involved physiological and pathological activities, such as barnacle adhesion [75] , pathogenic protein aggregation [76] and neurodegenerative diseases [77] . Studies have shown that phenylalanine peptide-assembled nanofibrils are critical sequences in the amyloid-like and wellordered nanofibrils [78] . Here, the results (Fig. 10) show that the groove structures of the nanofibrils are accompanied with the groove-like characteristic pattern of the adhesion force of the phenylalanine peptide-assembled nanofibrils, providing a direct visualization of the correlation between the structure and the adhesive properties of the phenylalanine peptide-assembled nanofibrils.
The experimental results presented here show the utilization of AFM peak force tapping multiparametric imaging to investigate the nanoscale morphological and mechanical changes of nanofibrils during the process of peptide-assembled hydrogel formation and degradation. By scanning the hydrogel-coated substrate with AFM peak force tapping imaging, topographical images were obtained simultaneously with mechanical images. AFM topographical images show the diverse assembly behaviors of nanofibrils taking place during the formation (Fig. 3-Fig.  8 ) and degradation of hydrogels (Fig. 9) , which are accompanied with the unique mechanical changes (Young's modulus, adhesion force, deformation, persistence length) of nanofibrils visualized from the mechanical images, improving our understanding of the dynamics of peptide-assembled hydrogel formation and degradation. Notably, the results are obtained on the analysis of the different nanofibrils formed during hydrogel gelation. Strictly speaking, the morphological and mechanical dynamics of nanofibrils are obtained only in the case of observing the real-time changes of single nanofibrils by AFM peak force tapping imaging, which will be particularly meaningful for understanding the behaviors of peptide assemblies. For doing this, AFM needs to work in liquids. In 2006, Cisneros et al. [79] have used AFM to observe the dynamic growth steps of collagen self-assembly by AFM time-lapse imaging in buffer solution (pH 9.2, 50 mM glycine, 200 mM KCl), clearly showing the real-time formation of nanofibrils. Hence, in order to observe the real-time changes of peptide-assembled nanofibrils, the medium conditions which allow the adsorption of peptideassembled nanofibrils onto the substrate in the buffer solution need to be investigated. Peptide-assembled hydrogels have been widely used to exactly design microenvironment for cells to regulate cell behaviors [80] [81] [82] . However, knowledge about the correlation between nanoscale physics of peptide-assembled fine structures and the biological functions of peptide-assembled hydrogels in cell growth is still poor. Here, the results show that AFM peak force tapping imaging is a powerful tool for simultaneously characterizing the structures as well as the multiple mechanics of the fine nanofibrils formed in hydrogel gelation and degradation. The established method can be used to investigate other hydrogel systems. In future, performing studies about characterizing the multiple physics of peptide-assembled nanostructures and subsequently observing the cellular responses grown in the hydrogel-formed microenvironment will be particularly useful for understanding the regulation of cellular behaviors, which will potentially promote the advancement of diverse fields including nanotechnology and biomedicine.
IV. CONCLUSION
This work has demonstrated the use of AFM peak force tapping multiparametric imaging to characterize the morphology and multiple mechanical properties (Young's modulus, adhesion force, deformation, and persistence length) of nanofibrils during the gelation and degradation process of peptide-assembled hydrogels. AFM topographical images show that the nanofibrils formed in peptide-assembled hydrogels exhibit diverse assembly behaviors, including parallel bundling, winding, nanofibrillar mixing, nanofibrillar splitting, nanoribbon formation and nanosheet formation, which construct the polymeric network scaffolds of nanofibrillar hydrogels. AFM mechanical images and quantitative analysis show the diverse changes of nanofibrillar mechanics during hydrogel gelation. Compared with single nanofibrils, bundled nanofibrils have smaller Young's modulus but larger persistence length. High-resolution AFM imaging shows that nanofibrils exhibits groove structures, which results in significantly well-defined adhesion force profile. Experiments on nanofibrils after degradation visualize the dynamic changes of nanofibrils, including the appearance of isolated single nanofibrils and stiff nanoparticles. Taken together, the research demonstrates the capabilities of AFM in characterizing the structures and multiple mechanics of individual peptide-assembled nanofibrils, improving our understanding of the nanofibrillar physics in hydrogel formation and degradation, which will facilitate investigating supramolecular biomaterials for regulating cellular behaviors.
